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ABSTRACT 
In this thesis, we present two new paradigms for yield-stress fluids; the first organizes the 
existing understanding of the various ways to achieve a yield-stress fluid into a useful 
methodology for the design of rheologically complex materials; the second is based on the 
discrepancy in the behavior in extension of model yield-stress fluids versus application-relevant 
materials. Through implementation of material design principles of selection and synthesis, 
yield-stress fluid microstructures are organized according to the two known mechanical 
interactions capable of producing them (jamming and attraction). This rheology-to-structure 
inverse problem reveals trade-offs in designing yield-stress fluids, demonstrating that multiple 
material classes can achieve a target yield stress, providing the opportunity for creative design to 
achieve both the yield stress and other secondary design criteria. A secondary design criteria that 
is investigated in depth here is extensibility. We introduce a method for characterizing the 
extensibility of yield-stress fluids, demonstrate the extent to which existing model materials 
differ from the high extensibility seen in real yield-stress fluids (commercial products, 
biomaterials), and introduce an attempt at creating a model material for highly-extensible yield-
stress fluids. 
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CHAPTER 1: Introduction 
 
The rheologically complex phenomenon of the yield-stress fluid, the transition from 
solid-like to liquid-like behavior upon a critical applied stress [1], is utilized throughout daily life 
and industry.  The concept applies to products that many use every day such as peanut butter and 
toothpaste, but is also extremely important for a multitude of industrial applications such as the 
manufacturing of foodstuffs and 3D printing [2–4]. It is no surprise then that yield-stress fluids 
have been the subject of substantial rheological characterization and study [1,2,5,6]. 
This thesis, which focuses on yield-stress fluids, will apply design theories to 
rheologically complex materials in order to develop a methodology for the selection and creative 
synthesis of yield-stress fluids that is useful for design and is based on the comparison of 
secondary design objectives, organize a useful design database for material structures that can 
produce a yield stress, and show that this has the potential as a generic methodology for the 
material-level design of other rheological properties (Chapter 2). The secondary design objective 
of high-extensibility will then be considered, and a method for characterizing the extensibility of 
yield-stress fluids will be introduced. Using this method, the extent to which model materials 
differ from application-relevant materials in terms of extensibility will be demonstrated. These 
two complementary design and analysis/characterization methods (shown schematically in 
Figure 1.1) are used for the introduction of a simply formulated material that is both highly-
extensible and has a yield-stress (Chapter 3). 
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Figure 1.1. Design is the inverse of analysis (adapted from [7] and applied to rheological 
properties). Analysis starts with a specific material structure and connects it to properties and 
performance which is non-trivial for rheologically-complex materials. Design starts with a 
desired performance (e.g. shape-holding with a yield-stress fluid), and a decision is made on 
what material to best achieve it. Image from [8]. 
 
3 
 
CHAPTER 2: Design of Yield-Stress Fluids 
2.1 Introduction 
Rheologically complex fluids have the potential to be utilized to a much greater degree in 
solving engineering design problems. These materials are ubiquitous in biological systems and 
the novel behavior could be used to meet numerous and diverse design objectives [8]. Without a 
doubt, currently the most utilized rheological phenomenon is the yield-stress fluid, the transition 
from solid-like to liquid-like behavior upon a critical applied stress. The importance of yield-
stress fluids in daily life and industry cannot be understated as the concept applies to products as 
pedestrian as paint and toothpaste but also to applications as esoteric as crude oil gelation and 
rocket fuel [1,2]. In the development of a new processing technique for making tailorable 
ceramic beads, a yield stress was found to be a sufficient rheological property since it enabled 
shear-reversible plastic deformation [9]. In the food industry, the yield stress is of great 
importance for processing, manufacturing, and functional properties, as well as for correlation 
with sensory indices [3]. In 3D printing applications, the yield stress has been taken advantage of 
both for inks that will hold their extruded shape for cellular composites [4], and for a medium in 
which to print large complicated structures with microscopic precision [10]. For biomedical 
applications, an emerging paradigm of moldable hydrogels is based on the material being a 
yield-stress fluid capable of drug delivery [11]. For design of all these materials, the primary 
design objective is a material that has a yield stress since that is what enables the novel behavior. 
Therefore, before considering any constraining secondary objectives (e.g. biocompatibility), 
design of these materials should consider all the possible ways the yield stress might be achieved 
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since for this primary objective it is the functionality that matters not the chemistry that achieves 
it [12]. 
However, in the field of rheology, most efforts focus on the analysis of materials rather 
than facilitating more useful design practices and methodologies. By analysis, we mean that, 
starting with known ingredients or a known microstructure, a material is characterized and these 
properties are related to the macroscopic performance. To design a material is the inverse of this 
analysis process; starting with the desired macroscopic performance, decisions must be made on 
what properties might achieve that objective, and in turn what ingredients or microstructure 
might result in those properties. A schematic of the complementary analysis and design 
perspectives is shown in Figure 1.1. For rheological materials, the analysis/characterization of 
material properties can be especially arduous due to their function-valued nature. An example of 
the structure-to-rheology organization that results from the analysis approach is shown in Figure 
2.1; a single material, an emulsion, has several complicated structural and observational 
dependencies. 
As stated previously, there are few, if any, efforts to apply materials design theories to 
rheologically complex materials; our goals here are to (i) demonstrate the adaptation of generic 
theories of materials selection and synthesis to yield-stress fluids, (ii) organize a useful design 
database for material structures that can produce a yield stress i.e. organize known (design) 
strategies to get a yield-stress fluid, and (iii) show that this has the potential as a generic 
methodology for the material-level design of other rheological properties. 
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2.2 Background 
2.2.1  Design Process Theory 
 A generic design process follows six phases [13]: planning, concept development, 
system-level design, detail design, testing and refinement, and production ramp-up. The concept 
development phase – the focus of this paper – takes functional objectives and target 
specifications as inputs, and generates a multitude of possible product concepts which are then 
subject to selection and testing. In our work here, multiple material structure concepts are 
considered in order to achieve a particular rheology, a yield-stress fluid. 
A design problem should be defined independent of the solution; the functional 
objectives and target specifications describe the desired performance of a product (or material). 
Defining the functional objective is a fundamental aspect of design and is the result of 
abstracting a problem to what is essential and general. An over-specified objective places 
creativity-stifling restrictions on the concept generation process leading to design fixation and 
thus less innovative technologies or materials [14]. However, a good functional objective also 
cannot be too broad in order to enable accurate framing and decomposition of the product’s 
purpose as well as provide physical insight into how the design problem might be solved [15]. 
For the design of a yield-stress fluid, a poor functional requirement might be, “a polymeric 
network that flows under stress and reversibly solidifies at low stress”. This mock-functional 
requirement is overly specific since it describes a particular material class, polymeric networks. 
Once the functional objectives and target behavior have been established, generation of 
all possible product concepts can take place. This concept generation process separates into 
surveying existing concepts and creating new concepts. There are numerous handbooks and 
guides on how to approach creative concept generation; in general these approaches build upon 
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concepts from lateral thinking [16] including generating as many ideas as possible, going for 
quantity of ideas, and suspending negative judgement to a subsequent step in the evaluation 
process. The idea behind these approaches is to find as many different concepts as possible thus 
increasing the likelihood of identifying a great concept. Quite often these approaches can be seen 
as a waste of time by those inexperienced in effective design as they will only consider the first 
concept that is likely to provide a working design solution or concepts within their existing area 
of expertise rather than considering a more unfamiliar concept that may result in a vastly 
superior solution. Thus the danger in not creatively generating new concepts that may or may not 
result in producing the “best” design solution is that design fixation will occur as methods of 
problem solving become close-minded. Additionally, even should one of the first few promising 
concepts to be generated turn out to be “best”, the generation of concepts beyond those does 
nothing to take away from the value of that initial concept. Rather, instead of a concept being 
chosen for being the only available option, it can be chosen as a concept that is obviously and 
justifiably superior to many other considered concepts [16]. 
Numerous techniques have been established for concept generation, such as free form or 
intuitive methods, structured methods, new perspectives techniques, and association techniques. 
In this paper we use a juxtaposition technique, combining two concepts to produce something 
new [16]. Systematic organization of the various existing and new concepts allows for a 
framework in which to synthesize and combine concepts or continue adding additional concepts. 
In a generic design process this systematic organization might take the form of a classification 
tree for a single function that facilitates comparison, or a combination table for combining 
different subfunctions [13]. Following a systematic concept generation process, concepts are 
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evaluated and a final concept or combination of concepts is selected. For the design of complex 
fluids concept evaluation involves material synthesis and rheological analysis. 
When evaluating concepts an important aspect to consider is the degree of predictive 
capabilities available as predictive analysis greatly facilitates prototyping and testing the 
effectiveness of concepts [17]. Models allowing for predictive analysis are considered in this 
paper but the further downstream phases of the design process are not. 
2.2.2  Materials Design Approaches 
The general design processes of concept generation (surveying and creation) map in 
materials design to the categories of material selection and material synthesis as shown in Figure 
2.2. When choosing what materials to incorporate into a product design, one can either select an 
existing concept or synthesize a new material. Oftentimes, selection is much simpler and cheaper 
but sacrifices significant freedom as the designer is limited to existing materials that have been 
characterized in the relevant ways. 
For materials that are not rheologically complex, theories of material selection have been 
well developed. The most well-known materials selection method is described in [18]; a 
flowchart depicting this selection process is shown in Figure 2.3. The requirement for carrying 
out this process is a far-reaching and robustly organized database of material properties. Using 
this database, downselection occurs by considering application constraints and rankings of 
suitability. As stated, this process has found great success for simple materials, however the 
databases that the process is built upon are completely absent for rheologically complex 
materials. The closest approximations to such a database are rheological modifier handbooks 
[19,20], however these can be largely inadequate for design.  
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While rheological modifier handbooks do provide previous ways in which certain 
modifiers have been used, the already-limited lists of material properties that are necessary for 
downselection are lacking as the properties are provided for a particular percentage of additive 
and the function-valued nature of properties is not often addressed. As an example, though the 
immense importance of yield-stress fluids has already been stated, [19] and [20] each only 
mention the phenomenon once out of all the numerous rheological modifiers they list with only 
the former providing single viscosity values at particular weight percentages of additive. 
Until relatively recently, the commonly held idea of materials synthesis has been mainly 
that of tailoring a particular (already selected) microstructure in order to mathematically optimize 
material properties using material process-structure and/or structure-property relations [21]. 
Examples of this approach can be found both for more traditional materials [22] and for 
rheologically complex materials [23]. While extremely useful in the downstream system-level 
and detail design phases, these studies have already assumed a particular microstructure type or 
chemistry to optimize and therefore have bypassed the concept development phase of the design 
process.  
As mentioned, there is an increasing interest in using inverse methods in designing 
materials to achieve functional objectives [7,24] including a focus on properties which may be 
achieved by numerous formulations [12]. Until now these ideas have not been applied to 
rheologically complex material properties; by doing so here we hope to enable more creativity 
for these materials, in particular broadening the concept generation space before fixating on any 
particular structure. 
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2.2.3 Yield-Stress Fluids 
Though it has been debated whether a “true” yield stress exists, yield-stress fluids have 
been accepted as a practical reality for most applications, with definitions hinging on the critical 
value of stress that must be reached. Example definitions include: “[a yield-stress fluid] does not 
flow if the imposed stress is below a threshold value, but it can flow rather easily after this value 
is exceeded [1]”, and, “[a yield-stress fluid combines] solid-like behavior at low stresses with a 
fluid-like response at high stress [6].” The controversy over yield-stress fluids truly existing 
comes from the experimental observations of extremely slow flow even below any critical stress 
value [2], however on the timescales of many applications this deformation is not significant. 
Additionally, there are numerous ways in which a yield-stress may be characterized which are 
the focus of several reviews [3,25], however it is generally true that there is no sharp transition in 
flow behavior and thus “the yield stress” is actually representative of a relatively narrow range of 
stresses. 
Shown in Figure 2.4 are two representations of apparent yield-stress fluid behavior based 
on steady shear flow characterization. The two equivalent representations, a plateauing shear 
stress as shear rate decreases (Figure 2.4a), and dramatic drop in viscosity across a narrow range 
of shear stress (Figure 2.4b), show the somewhat subjective nature of how one can report a 
precise value of the yield stress. For this paper, parallel disk steady flow is used, with corrected 
shear-stress values as a function of shear rate fit to the three-parameter Herschel-Bulkley model: 
 n
Y K      (2.1) 
which we prefer to re-write as, 
 1
n
Y
critical

 

  
    
   
.  (2.2) 
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To the knowledge of the authors, the representation of the Herschel-Bulkley model in 
Equation (2.2) has not been used before but results in the parameter 
critical  that is physically 
meaningful as a critical shear rate at which the flow stress is twice the value of the yield stress, 
Y . This physical intuition is desirable compared to the parameter “K” which has units that 
depend on the parameter “n”. Unless otherwise specified, reported values of a material’s yield-
stress were taken from the Herschel-Bulkley model fit but the widely used Bingham model was 
also fit for comparison. The two-parameter Bingham model which fits the yield stress and 
infinite shear viscosity, , is 
 Y     . (2.3) 
There have been attempts in the past to categorize yield-stress fluids based on the 
presence of a material restructuring time [26], and the microscopic mechanism by which the 
yield stress emerges for certain particulate systems [1], however none are from the perspective of 
design. This over-focus on analysis across a century of rheology literature has resulted in a 
scattered understanding of all the various ways to achieve a yield-stress fluid. Here we will bring 
together that scattered understanding and organize it into a useful paradigm for the design of 
yield-stress fluids, perhaps the most useful rheologically complex phenomenon. 
 
2.3 Materials and Methods 
The materials characterized for the start of this design database were well-studied 
archetypal yield-stress fluids, materials one may regard as “classic” yield-stress fluids within 
rheological literature. Refer to Table 2.1 for the specific material formulations presented in this 
paper. Carbopol 940 obtained from Acros Organics was mixed in distilled water for thirty 
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minutes before being neutralized to a pH of 7 using a sodium hydroxide solution, resulting in 
swollen microgel particles that pack together at sufficiently high concentrations [27]. Silicone 
oil-in-water emulsions were synthesized with 1000 cSt (at 25 °C) silicone oil obtained from 
Sigma-Aldrich and deionized water; sodium dodecyl sulfate from Fisher Scientific was used as 
the emulsifier. The mixture was homogenized at 5000rpm for 10 minutes using an IKA T-18 
homogenizer with a S18N-19G attachment. Mineral oil-in-water emulsions were synthesized by 
the same procedure using light mineral oil from Sigma Aldrich which has a viscosity of between 
14.2 and 17.0 cSt at 40 °C. Bentonite from Sigma Aldrich was dispersed in steam distilled water 
using an overhead stirrer at approximately 300 rpm until mixed, at which point the clay particles 
form a percolated gel network [26]. The Laponite RD suspension which also has particles which 
can attractively interact, was synthesized by the same procedure as Bentonite with powder 
obtained from Conservation Support Systems. Xanthan gum from Xanthomonas Campestris, a 
polymer which is known to form structure in solution through self-associative intermolecular 
attractions [28], was obtained from Sigma-Aldrich; solutions were synthesized by slowly adding 
xanthan gum powder to deionized water being mixed with an overhead stirrer at between 300 
and 600 rpm, continuing to mix for 5 minutes after which the mixture was covered with tin foil 
and placed on a hotplate at 80 °C to mix at 400 rpm for 30 minutes. 
Rheological characterization was performed on a TA Instruments DHR-3 or AR-G2 
rotational rheometer (combined motor/transducer instruments) using a parallel-plate geometry 
with a diameter of 40 millimeters. Depending on the sample, either a sandblasted plate, 600 grit 
or 60 grit adhesive-backed sandpaper was used to prevent slip. Materials were tested at multiple 
gaps to verify the absence of slip [29]. Parallel-plate corrections were used to identify the true 
shear stress. Apparent stress, 
A , values were fit to a polynomial curve and corrected using, 
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ln
3
4 ln
A A
True
True
d
d
 


 
  
 
,     (2.4) 
where 
True  is the applied shear rate [30]. Unless otherwise specified, all tests are 
performed from high-to-low shear rates, thus the yield stress is a dynamic yield stress rather than 
a static yield stress [26]. For some materials, especially at smaller gaps, an increasing stress was 
observed at lower shear rates (Figure 2.5B, Appendix Figure 1). In the case of these materials, 
the Herschel-Bulkley model was only fit from the higher shear rates corresponding to the highest 
and lowest values of corrected stress. When fitting the Bingham model, for all materials the 
yield-stress parameter was constrained to the lowest corrected stress value. All fitting was 
performed with variance weighting using OriginPro 9.0 software. 
 
2.4 Results 
2.4.1 Rheology-to-Structure Inverse Problem and Organization 
The evidence that designing a yield-stress fluid is an inverse problem at all, that there are 
numerous possible ways to achieve the same yield stress, can be seen in Figure 2.5. For three 
materials with different chemistry and microstructure, approximately the same yield-stress 
(indicated by the dashed lines) can be achieved by varying the weight-percent of the additive in 
each case. For the highlighted curves of A) Carbopol, B) Laponite, and C) a silicone oil-in-water 
emulsion, the fit yield stress parameters are Y   29.6, 35.4, and 24.4 Pa respectively. Given 
that the yield stress value identifies a narrow range of stress over which the material’s viscosity 
changes, the differences between these three values is unlikely to make a difference in all but the 
most precisely demanding applications. While the three yield stresses are essentially the same, 
additional material properties can vary considerably and will be discussed later (high-rate 
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viscosity, critical shear rate, etc.). Therefore, since these differing materials are able to achieve 
the same value of what is likely to be one’s primary design objective, the yield stress, one should 
consider all the material options available and use secondary design objectives or properties as 
the criteria to motivate creative material designs.  
In order to facilitate more useful design practices for yield-stress fluids and rheologically 
complex materials in general, the organization of the discipline must be the inverse of that shown 
in Figure 2.1. Rather than only targeting a particular microstructure for exhaustive 
characterization, a property-based organization as shown in Figure 2.6 must be adopted; 
particular properties are targeted and all possible ways of achieving that property must be 
determined. 
A likely reason why the field of rheology has not been organized based on properties to 
date is because of the way in which many rheologically complex properties differ from typical 
properties in simpler solid materials; while every metal has a strength, linear elastic modulus, 
etc., not every complex fluid has a yield stress, for example. The key to exhaustively determining 
the possible ways in which a particular rheologically complex property might be achieved is by 
adopting an appropriate functional objective, one that provides physical insight into the 
mechanism by which a property comes about. As they are focused on the analysis point of view, 
the premier review articles and texts on yield-stress fluids do not state what would essentially be 
a functional objective in a way that is adequate for design.  
The closest statement to a functional objective would be the definitions that these review 
articles present; quoted earlier in Section II, these definitions provide only a superficial 
description of yield-stress fluids with no insight into how one might achieve such a material. If 
given a phenomenological definition such as, “[a material] that shows little or no deformation up 
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to a certain level of stress [and] above this yield stress the material flows readily [30]”, one 
would be exceptionally unlikely to successfully ideate new materials satisfying that definition 
and would instead be limited to pre-existing lists of example materials which as discussed in 
Section II are themselves sorely lacking. In this way, the existing functional objectives are 
limiting since they are not expressed in a way that allows one to think completely independently 
of existing solutions/materials. 
Here, for yield-stress fluids we propose the following functional objective: 
A yield-stress fluid is able to bear a static load for long timescales (high viscosity at low 
stress) with shear-reversible mechanical connectivity (dramatic drop in viscosity above 
the yield stress) that is recoverable.  
While somewhat long-winded in order to avoid the debated low-stress behavior, this newly 
proposed functional objective provides physical insight into how one might achieve a yield-stress 
fluid in a precise way that is both formulation- and structure-agnostic so as to not overly 
constrain the concept generation process. Rather than attempting to invent a way for viscosity to 
transition across multiple orders of magnitude, a designer can instead use intuition and 
experience about methods of bearing static loads that are able to reform after mechanical 
disruption. 
For existing yield-stress fluids, there are two known mechanical interactions by which 
our proposed functional objective is satisfied: (i) jammed, repulsive interactions; and (ii) 
networked, attractive interactions. While these concepts of arrested structures have been well 
developed as “glasses” and “gels” respectively [31–34], they have never been used to organize 
yield-stress fluids and provide insight into how they might be designed and how different 
material systems might differ or be similar in their properties and behavioral trends.  
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Figure 2.7 organizes representative yield-stress fluids based on the two mechanisms of 
jammed versus networked microstructures. Materials where a static load is borne primarily by 
the microstructure jamming, eventually yielding once the structure is able to rearrange and slide 
past itself, have been termed “repulsion-dominated”. Examples within this group include 
microgel suspensions such as Carbopol, oil-in-water emulsions, and foams which are pictured. 
Additional materials known to exhibit a yield-stress that are repulsion-dominated are spherical 
micellar solutions, and suspensions of hard and charged-particles. Though the chemistry varies 
wildly within and across these material classes, the yield-stress comes about through the same 
physical mechanism of repulsive interactions; as seen in the images in Figure 2.7, 
morphologically these material classes are very similar. Materials where a static load is borne 
primarily by the microstructure resisting being pulled apart, eventually yielding once these re-
formable attractions have been broken have been termed “attraction-dominated”. Examples 
within this group include particulate gels such as Bentonite, magneto- and electro-rheological 
fluids, and fibrillar or polymer solutions that have physical crosslinks and therefore can re-form. 
Within this group, the morphological similarity is that of a sparse percolated network spanning 
the sample that must be destroyed for yielded flow to occur. For both of these groups the “-
dominated” qualifier has been used to acknowledge combinations of both mechanisms, such as 
attractive glasses [31]. Note that both the repulsion-dominated and attraction-dominated 
categories are capable of including materials that may have very similar ingredients. For 
instance, colloidal suspensions can exist as either glasses or gels. Thus this structural 
organization transcends the traditional academic organization by ingredient such as by “particle” 
or “polymer” [5].  
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With our proposed functional objective and the resulting classification tree, the material 
design methodologies of selection and synthesis for yield-stress fluids are both greatly 
facilitated. Selection strategies benefit by being able to effectively generate lists of existing 
candidate materials to choose from, as well as insights into the comparative relations between 
material classes. With an adequate functional objective, creative synthesis based on physical 
insight can occur, with the classification tree allowing for structured concept generation. 
2.4.2 Yield Stress Scaling Behavior 
As mentioned in Section II, in material synthesis structure-property relations are 
important to consider as tools for predictive analysis. The full scientific understanding of all 
material structures currently known to produce a yield-stress is underdeveloped due to the 
complexity of calculating macroscopic properties from the underlying microstructure and 
molecular features. In contrast to complex fluids, developed areas of mechanical design have 
very clear mathematical models to represent system behavior (e.g. linkage dynamics). A unique 
aspect with material synthesis for rheological properties is that governing equations are not 
always known. In the specific case of yield-stress fluids, if any predictive equations are 
available, they are often scaling laws that relate the yield stress to underlying structure. Available 
scaling laws for yield-stress fluids are collected in Table 2.2. This table is useful in the 
evaluation of concepts since the presence of these predictive equations is greatly advantageous as 
they can demonstrate the feasibility of a concept to achieve a particular performance; between 
two otherwise comparable concepts, one would prefer a concept with a readily available 
predictive scaling law. While not the focus of this paper, these scaling laws would be eminently 
useful further downstream in the design process when attempting to determine final formulations 
in the system-level and detail design phases. 
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Most of the presented structure-rheology scaling relationships involve the volume 
fraction of some dispersed phase of the material, however oftentimes in formulation it is much 
easier to control the weight-percentage of an additive rather than its volume. Being a very well-
studied material system, Carbopol 940 has specific scaling equations relating the weight-
percentage additive, C ,  directly to the yield stress for two different concentration regimes [27],  
 
3
1
0.0335
Y
C

 
  
 
  (2.13) 
 
1/3
45
0.124
Y
C

 
  
 
. (2.14) 
These correlation formulas agree reasonably well with our experimental results for 
Carbopol seen in Figure 2.8 alongside the other tested material systems. The weight-percentage 
of additive is often of great importance when designing a completely new material or modifying 
an existing material to give it a yield stress. Typically a low percentage of additive is desirable 
since it will be less likely to modify other properties such as flavor and texture, and obviously 
less additive is often less costly. Based on the classification tree of yield-stress fluids we can see 
that the networked, attractive systems achieve yield stresses at moderate values of weight-
percentage, while the jammed, repulsive emulsions require a significant percentage of added-oil 
for comparable yield stress values. The swollen nature of the Carbopol microgels are what result 
in such a low weight-percentage of additive giving rise to a jammed yield-stress fluid and is the 
reason that Carbopol is considered a “high-efficiency” rheological modifier [19]. Obviously 
there are endless parameters and material properties that might be crucial for one’s application 
such as transparency and other optical properties, conductivity, biocompatibility, and 
biodegradability. In the next section, we will compare parameters that are representational of the 
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steady flow behavior to enable the application of material selection principles to function-valued 
properties. 
2.4.3 Low-Dimensional Descriptions for Selection of Yield-Stress Fluids 
For selection, as discussed, the material property databases that are foundational for other 
types of materials design are simply not present for rheologically-complex materials, hindered in 
their creation by the fact that not all materials will have all properties. Rather than needing to 
laboriously characterize the hundreds of entries in a rheological modifiers handbook, one can 
instead consider if the modifier might possibly satisfy the functional objective and only 
characterize those expected to have a yield stress. While mistakes will most certainly be made in 
this process, e.g. materials anticipated to have a yield stress will show no such signature or 
materials that do have a yield stress may be overlooked, it will be far less onerous and 
implausible than characterizing every possible ingredient hoping to see a particular signature. 
Once materials databases are more effectively generated, the classification tree of yield-
stress fluids can provide one with insight into how and why the behavior of particular materials 
and classes of materials relate or differ when compared. Since a particular value of yield stress 
can be achieved by multiple materials, applying additional design constraints on secondary 
parameters or properties is a critical step in converging on a final design choice in a rational, 
non-arbitrary way. However, due to the function-valued nature of the rheologically-complex 
material properties, low-dimensional representations are necessary for their easy comparison. 
Information is always lost when representing complicated data in a low-dimensional way, here 
we will consider different models which communicate information to varying degrees of 
completeness, and discuss the situations in which the loss of information can be appropriate. 
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Shown in Figure 2.9 are three possible low-dimensional descriptions of a the steady flow 
behavior of a yield-stress fluid: two values of shear stress (the yield-stress parameter from the 
Herschel-Bulkley model and the stress at a reference shear rate); the two-parameter Bingham 
model, Equation (2.3); and the three-parameter Herschel-Bulkley model, Equation (2.2). Clearly 
the reference-shear-rate representation loses a significant amount of information about the flow 
curve, however depending on one’s needs it could be perfectly adequate and has been used when 
selecting for minimum rheological criteria [5]. The two-parameter Bingham representation in 
most cases can do a reasonable job of capturing the yield stress and the high shear-rate viscosity 
and has been useful as allowing for the simplest model interpretation [35]. However, the 
Bingham model can completely miss information regarding intermediate shear rates, and so in 
most cases for an accurate representation of the entire flow-curve a model with more parameters 
such as the Herschel-Bulkley is necessary; this of course comes at the cost of added complexity 
(higher-dimensional co-plots) and may result in decreased physical meaning. In the case of the 
use of Equation (2.2), this is limited to issues in the interpretation of parameter “n” which most 
loosely interpret as the degree to which a material shear-thickens for 1n   or shear-thins for 
1n  . 
Depending on one’s design constraints, one representational comparison might be more 
or less useful than another. For example, if one knows that their final design will be restricted to 
a particular shear rate and they are unconcerned with any other aspect of the flow behavior, then 
it would be most useful to choose from the Ashby style plots of the ‘reference shear rate’ 
representation at three different shear rates shown in Figure 2.10 rather than from full-curve 
representations which would add needless complexity. Within these plots, the particular shear 
rate of an application design will further dictate the usefulness of such a comparison. As seen in 
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Figure 2.10A, at the lowest shear rate of 0.01 s-1, materials are not differentiated in any way as 
they all have yet to deviate significantly from the yield stress value; in terms of this shear-rate 
design constraint, any choice of material is as good as any other choice, however this is not the 
case for the other, higher shear rates. 
 For the higher reference shear rates (Figure 2.10B-C), we begin to see differentiating 
behavior of the flow stress based on the classification tree of design strategies. This 
differentiation is most clear in Figure 2.10B where the oil-in-water emulsions and Carbopol 
(material systems where the yield-stress comes about due to jamming) have higher flow stresses 
than either of the two particulate gel samples. In Figure 2.10C, at the highest measured shear rate 
it is notable that while all other materials including Bentonite have increased from the yield 
value, the shear stress of the other particulate gel, Laponite, still has not increased appreciably. 
This effect could also be seen in Figure 2.5B, where Laponite has an extremely flat flow curve. 
This differentiating behavior of Laponite and Bentonite also manifests itself in the other low-
dimensional representations: Bingham and Herschel-Bulkley model descriptions. 
Shown in Figure 2.11 is the comparative plot of the parameters from the Bingham model 
fit, the simplest whole-curve representation of a yield-stress fluid. While not as accurate a fit as 
the Herschel-Bulkley model as evidenced by the visual deviation from the data seen in Figure 
2.9, important insights into designing new materials and into the high-rate viscosity can be 
obtained from the comparison of these Bingham model parameters The insights for design of 
materials come from the scaling behavior of parameters for different material types and the 
regions which they inhabit within the parameter space. Until such time as every yield-stress fluid 
one could possibly want has already been made and characterized, people will always need to try 
to expand the performance limits of materials and the scaling behaviors and inhabited regions 
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give an idea of what one can expect. For example, in Figure 2.11 both of the oil-in-water 
emulsions show the interesting scaling behavior of the infinite shear viscosity,  , being nearly 
flat, varying by less than half an order of magnitude, across one-and-a-half orders of magnitude 
in yield stress, Y . Therefore, one can expect that if one wanted to try and modify a material 
with an increased yield stress without substantially increasing the high-shear-rate viscosity, an 
oil-in-water emulsion would be one possible candidate for doing so. Similarly, due to the region 
they inhabit, one can infer that generally particulate gel systems will have the lowest viscosities 
at high shear rates. 
A more complete fit of the data results from the three-parameter Herschel-Bulkley model, 
parameters shown in Figure 2.12. The added complexity of this representation is immediately 
apparent in that three separate comparative plot projections are necessary to see the full 
relationships of representations. In some cases, it is unclear if any meaningful relation can be 
determined such as in the plot of “n” versus critical shear rate seen in Figure 2.12C, where the 
parameter curves of several materials bend back around on themselves significantly. However, 
we are still afforded great insight into how the materials will behave across all shear rates from 
Figures 2.13A and 2.13B without needing to see the material flow curves at all, and this with just 
a three-parameter fit. 
 Starting with Figure 2.12A, the critical shear rate, crit  , allows us to determine when the 
flow stress will begin to deviate from the yield stress by a factor of one-hundred percent. The 
range of critical shear rates observed is approximately 0.2 crit   3000 s
-1   with oil-in-water 
emulsions having very low values of critical shear rate, followed next by Carbopol, then by the 
particulate gel systems. Comparing this to Figure 2.9, at the lowest shear rate of 0.01 s-1 (Figure 
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2.9A), below our observed range of critical shear rates, no materials have deviated from the yield 
stress, exactly as we would expect. Based on Figure 2.12A, at 10 s-1, the materials we can expect 
to have deviated from their yield stress are the oil-in-water emulsions, Carbopol, and the lowest 
weight percentage of Bentonite. Comparing to Figure 2.10B this is exactly what we see, with 
only most of the Bentonite samples and Laponite still very close to their yield stress. In Figure 
2.12A at 100 s-1 we expect the stresses of almost all of the Bentonite samples to have increased 
significantly, with Laponite yet to do so; again this is in agreement with Figure 2.10C.  
Using Figure 2.12B, one can also anticipate even more features of Figure 2.10C such as 
the significant increase in Bentonite’s stress from Figure 2.10B compared to Carbopol. As seen 
in Figure 2.12B, all the Bentonite samples have values of “n” that are significantly higher than 
the Carbopol samples. According to Equation (2.2), what this means is that while the Bentonite 
flow curves are flatter than the Carbopol flow curves for crit  , above crit  the Bentonite flow 
stresses will increase significantly faster than Carbopol. Additionally, Figure 2.12B showcases 
differentiation of the materials correlating with the classification tree (Figure 2.7) with systems 
with networked attractions having higher values of “n” that vary significantly with the yield 
stress, while the repulsive jammed systems have lower values of “n” that are much flatter as the 
yield stress is varied. Thus taken together, Figures 2.12A and 2.12B allow one to make general 
qualitative comparative statements on the behavior of the various material classes such as that 
the networked systems will increase in stress much more strongly than the jammed systems, but 
that the jammed systems will typically deviate from their yield stress earlier (excepting xanthan 
gum). It is important to note that these comparisons with the Herschel-Bulkley model are only 
possible due to our re-write of the model seen in Equation (2.2); the parameter “K” in the 
traditional Herschel-Bulkley model (Equation (2.1)) cannot be used in comparative co-plots as 
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“K” changes units as a function of the “n” parameter. All of this comes in addition to being able 
to accurately reproduce the complete flow-curve if ones application dictates it since all the 
necessary parameters are specified compactly. 
2.4.4  Synthesis Approaches for Yield-Stress Fluids 
In addition to the physical insight afforded by our functional objective which is crucial to 
successfully ideate new material concepts, the classification tree allows for the structured 
generation of a framework in which to ideate these concepts and to intuit existing materials. Here 
we present one possible concept generation strategy; a vision for the future design of yield-stress 
fluids. Shown in Figure 2.13 is a visualization of a juxtaposition concept generation process 
between material microstructures to achieve a yield stress. This organizational framework is for 
the combinations of two individual material classes with representative classes pictured. Here the 
general state of knowledge for each entry is indicated in the matrix. Each entry will be referred to 
using “(row, column)” notation with each grey square representing an individual material class 
using the same A-F notation as in Figure 2.7. Covered are currently known materials as well as 
new possibilities for materials; combinations of primary structures exist off-diagonal, and might 
be an existing material that has been studied as in the case of a mixture of a magnetorheological 
fluid and fibrillar gel (grease) [36], or material structures that have never been described in the 
open literature. Of course, any particular combination is subject to the constraints of chemical 
compatibility or the ability to actually synthesize the material. Additionally, just as in mechanical 
design, a conceptual combination in no way assures that the functional specifications will be met, 
but does broaden the available possibilities. Though many of the presented juxtapositions at first 
glance may not necessarily suggest any additional benefit over others, this method is a quick and 
simple way of generating a very large number of possible ideas. Many combinations are being 
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studied because they are in fact scientifically interesting, have novel properties, or both. For 
example, a combination of particulates and emulsion droplets as pictures in (A,B) are being 
investigated in the form of bimodal dispersions of starch and fat droplets [37]. Microgels made 
field-responsive would correspond to (A,E) [38]. Entry (C,D) applies to whipped cream which 
can be conceptualized as a foam stabilized by a particulate gel network [39]. Composite 
microstructures appearing very recently in scientific literature include photocrosslinkable 
nanoemulsions which creates a sparse network of emulsified droplets represented by (B,D) [40], 
and nanoparticle solutions used as an adhesive between polymer gels [41] which is not pictured 
but can be conceptualized as a composite of particulate and polymer gels. Other composite 
materials not pictured include field-responsive polymer gels [38], and yogurt which is a 
combination of a polymer gel and an emulsion [39]. Of course, in juxtaposition, one is not 
limited to combining only two yield-stress fluid concepts to result in a new yield-stress fluid. 
One could combine any number of concepts, or perhaps combine a yield-stress fluid concept 
with a structure that would have no yield stress. For example, a schematic is shown in Figure 
2.13 for a concept that has not yet been investigated in open literature, a combination of an 
emulsion which is a yield-stress fluid with an interstitial transient network which would provide 
no yield stress but could perhaps modify other desirable properties. 
 
2.5 Conclusions 
Here we have presented a new paradigm of yield-stress fluids which is useful from a 
design perspective. This organization based on the underlying structural mechanism by which 
the yield-stress comes about was the result of applying principles of designing via inverse 
methods in order to define an effective functional objective which is formulation- and structure-
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agnostic. Our proposed organization provided insight into concept evaluation through the 
comparison of low-dimensional models for yield-stress fluid flow behavior, allowing for 
qualitative comparisons between material classes depending on the structural mechanism of their 
yield stress. The evaluation as a comparative tool of the model considered here which preserved 
the most information regarding the complicated flow data, the Herschel-Bulkley model, was 
enabled through our new representation of the model seen in Equation (2.2). 
As discussed, yield-stress fluids are the most used and perhaps the most useful 
rheologically-complex materials. Here, for yield-stress fluids we have provided a methodology 
and insights for broadening the available design space, and the evaluation of design concepts 
based on available predictive analysis and the comparison of simply represented flow data. 
Anyone wishing to utilize yield-stress fluids in some product or application should follow the 
methods presented here, making use of our early-stage database and more importantly 
considering all possible concepts rather than blindly accepting the most obvious approach. 
The design-space presented here is obviously incomplete. Not all materials and 
microstructure types that produce a yield-stress fluid are known by the authors or by anyone else. 
However, by following the functional objective proposed here, significant progress can be made 
on effectively deciding what materials are capable of producing a yield-stress fluid to then be 
evaluated and characterized appropriately. These same methods of design must also be applied to 
other rheological phenomena (e.g. linear viscoelasticity) which are currently under-utilized. 
Everything presented here has only been to relate a particular rheology, the yield-stress, to 
numerous structures, the latter stage of the “Design of Materials” schematic outlined in Figure 
2.1. To effectively design complex materials in the future will mean completely integrating 
methods of relating complex performance and behavior to numerous candidate rheological 
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phenomena, and then finally to even more multitudes of structures/formulations. The full design 
process includes making a choice of material and then attempting to optimize the specific 
formulation and structure (through iteration or other means); the synthesized material must first 
be validated to ensure that the property of interest has been achieved, and then validated further 
for performance in the actual application of interest. 
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2.6 Figures and Tables 
 
 
 
Figure 2.1. The analysis approach: single material structure, multiple properties. As an 
example, an emulsion (image from [42]) has multiple rheological properties (plots from left-
to-right from [43–46], respectively). Organization in this manner (for instance in [47]) is a 
composition focused grouping; design requires the inverse method of grouping by property. 
,0r  is the zero-shear relative viscosity, IK  is given by [43],   is the droplet concentration, 
G  and G  are the storage and loss modulus respectively in Pascals,   is frequency in 
inverse seconds, Y  is the yield stress in dynes/cm
2, 
eff  is the effective volume fraction, 1N  
is the first normal stress difference in Pascals, t  is time in seconds. 
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Figure 2.2. To design is to make decisions, either by 
selection or synthesis of materials. The arrows 
emphasize these two possibilities in the rheology-to-
structure inverse problem. Images show examples of 
known materials that may behave as yield-stress fluids; 
(A) particulate gel from [48], (B) emulsion with high 
volume fraction dispersed phase from [42], (C) microgel 
suspension from [49], (D) foam from [50]. 
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Figure 2.3. Material selection method (adapted from [18]).  Starting from a database of all 
surveyed materials, design constraints and further research enable one to down-select to a 
final material choice. A common tool used in the down-selection process is the “Ashby 
diagram” (pictured from [18]) which is a material-property co-plot used to compare and 
show trends of multiple material properties within different material types. 
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Figure 2.4. Two representations of apparent yield-stress fluid behavior; steady flow 
shear stress, σ, for 0.15% Carbopol, measured with decreasing shear rate, ?̇?. An 
apparent yield stress is indicated by (A) a stress plateau over a wide range of shear 
rate, or alternatively (B) a dramatic drop in viscosity, 𝜂 =̅  𝜎 ?̇?⁄ , occurring over a 
narrow range of stress. The apparent yield-stress can be subjective regarding the 
approach one takes to determine it. For this paper the parallel-plate corrected shear-
stress values were fit to a Herschel-Bulkley model, Equation (2.2), to determine the 
yield-stress parameter, Y  . 
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Table 2.1. All presented material formulations organized by material and weight-percentage of 
additive. For specific synthesis procedure refer to Section 2.3 Materials and Methods. 
Material Formulation 
Carbopol 
Specified weight-percentage of Carbopol 940 in distilled water, neutralized to pH 7 with 
sodium hydroxide 
0.1%wt 
0.15%wt 
0.2%wt 
0.25%wt 
0.5%wt 
Silicone Oil-in-
Water Emulsion  
65%wt 65wt% silicone oil, 23.33wt% deionized water, 11.67% sodium dodecyl sulfate 
70%wt 70wt% silicone oil, 20wt% deionized water, 10wt% sodium dodecyl sulfate 
75%wt 75wt% silicone oil, 16.67wt% deionized water, 8.33wt% sodium dodecyl sulfate 
80%wt 80wt% silicone oil, 13.33wt% deionized water, 6.67wt% sodium dodecyl sulfate 
Mineral Oil-in-
Water Emulsion 
 
65%wt 65wt% mineral oil, 23.33wt% deionized water, 11.67% sodium dodecyl sulfate 
75%wt 75wt% silicone oil, 16.67wt% deionized water, 8.33wt% sodium dodecyl sulfate 
Bentonite 
Specified weight-percentage of Bentonite in distilled water 
7%wt 
8%wt 
9%wt 
10%wt 
11%wt 
12%wt 
Laponite 
Specified weight-percentage of Laponite RD in distilled water 
3.5%wt 
4%wt 
5%wt 
Xanthan Gum 
Specified weight-percentage of xanthan gum from Xanthomonas Campestris in deionized 
water 
2%wt 
4%wt 
5%wt 
32 
 
 
 
Figure 2.5. Steady simple shear flow from high to low rate for three differently structured 
materials. (A) Carbopol of 0.1, 0.15, 0.2, 0.25, 0.5 %wt; (B) Laponite of 3.5, 4, 5 %wt; (C) 
silicone oil-in-water emulsion of 65, 70, 75, 80 %wt of oil. In all cases a higher concentration 
increases the yield stress. The highlighted curves (bold symbols) shows that all three materials 
can have approximately the same yield-stress (shown as a dashed line for each material). 
Constraints on secondary properties or property scalings will determine suitability for design 
requirements. 
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Figure 2.6. The design approach of materials science: a particular material property is targeted 
and all possible microstructures capable of producing that property are considered. Shown here, 
A) particulate gel [48], B) emulsion [42], C) microgel suspension [49], D) foam [50], and F) 
electrorheological fluid [51] are all capable of producing a material with a yield stress. Some 
materials such as E) an emulsion with a low enough volume-fraction of dispersed droplets do not 
have a yield stress [52]. 
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Figure 2.7. Concept generation, for existing and potentially new materials, is aided by 
organizing design strategies. For yield-stress fluid design, two generic strategies can 
be grouped as ‘repulsion-dominated’ and ‘attraction-dominated’ (although 
combinations also exist, e.g. attractive glasses). Examples shown are (A) particulate 
suspensions [49], (B) emulsions [42], (C) foams [50], (D) particulate gels [48], (E) 
electro/magneto-rheological fluids [51], and (F) fiber gels [53]. 
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Table 2.2. Structure-rheology scaling relationships and equations for yield-stress fluid 
material classes. These relationships are useful for concept evaluation and synthesis as they 
allow one to predict the resulting yield-stress to varying degrees. See Table 3 for the definitions 
of all variables. 
 
  
Material Class Yield Stress Scaling Relationship Notes Reference 
Particulate Suspensions    
Hard Spheres 112Y Crit Crit             (2.5) Crit
   [54] 
Charged Particles 
 
3
( )
/ 2
m B
Y
m
W r k T
K
r

 
 
 
 
         (2.6) 
m effr d  
K   constant 
 
[55] 
Soft Particles See Reference  [56] 
Emulsions and Foams  
1
3 ( )Y
mean
Y
R
  

                (2.7) 
 
0.9069     
[57] 
Particulate Gels   
2
max2Y
W
a

                   (2.8) 
 
0.64   [58] 
Electrorheological Fluids   
2 2
0Y S mE f              (2.9) 
 [59] 
Magnetorheological 
Fluids 2~Y H                     (2.10) 
 
1 3
2 2
06Y SM H            (2.11)  
                    
2
00.086
Sat
Y SM             (2.12) 
Low field strength 
 
Intermediate field 
strength 
 
Fully-saturated yield 
strength 
[60] 
Polymer Gels -   
Fibrillar Gels -   
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Table 2.3. Variable definitions for yield stress scaling relationships. Note: F 
indicates units of force, L indicates units of length, A indicates units of 
electrical current, t indicates units of time. 
Variable Definition 
 Crit   Critical volume fraction for yield stress scaling to apply 
2Crit
F
L

 
 
 
 
Yield stress at critical volume fraction 
 ( )mW r FL  Interaction potential at average interparticle separation 
[ ]effd L  Effective diameter of particle, where ( )eff BW r d k T    
[ / ]F L  Surface tension 
[ ]meanR L   Sauter mean radius, 3mean
Volume
R
Surface Area
  
 ( )Y     Scaled contribution per drop to yield stress, 
( ) 0.08 0.114log(1 )Y       
 a L  Particle radius 
 maxW F   Maximum spatial gradient of interaction potential 
 
2
0
At
FL

 
 
  
  
Permittivity of space 
 S    Relative permittivity of solvent 
     Effective polarizability of particle 
F
E
At
 
 
 
  
Electric field strength 
 maxf    Maximum dimensionless restoring force between particles 
A
H
L
 
 
 
  
Magnetic field strength 
S
A
M
L
 
 
 
  
Saturated magnetic field strength 
0 2
F
A

 
 
 
  
Permeability of space 
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Figure 2.8. Shear Yield Stress versus wt% additive. Percentage of additive is not a parameter that 
represents the yield-stress behavior, however it is often crucial for achieving design targets. See 
Figure 2.5 and Appendix Figures for full steady shear flow data used for this plot. 
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Figure 2.9. Low-dimensional representations of function-valued 
rheological data; here, a steady flow curve. Low-dimensional 
descriptions are required for easy comparison of materials when 
selecting or evaluating. More accurate representations can come at the 
cost of decreased physical meaning and added complexity. Here, three 
possible representations of a yield-stress fluid are shown: (blue dashed) 
two stress values, the yield stress and the stress at some reference 
shear-rate; (red dash-dot) the two-parameter Bingham model; and 
(green solid) the three-parameter Herschel-Bulkley model. (Data the 
same as in Figure 2.4.) 
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Figure 2.10. Ashby-style co-plot of low-dimensional yield-stress fluid descriptions: shear yield stress, 
Y  and steady shear stress at reference shear rates of 0.01, 10, and 100 s
-1.The dashed lines indicate flow 
stress equal to the yield stress. See Figure 2.5 and Appendix Figures for the full steady shear flow data. 
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Figure 2.11. Ashby-style co-plots of the two-parameter Bingham model 
description of archetypal yield-stress fluids, Y      (c.f. Figure 2.8, red 
dash-dot line). See Figure 2.5 and Appendix Figures for the full steady shear 
flow data which these Bingham parameters describe. Uncertainty bars indicate 
the standard error of the parameters from fitting. 
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Figure 2.12. Ashby-style co-plots of an adaptation of the three-parameter Herschel-Bulkley 
model description of archetypal yield-stress fluids, 𝜎 = 𝜎𝑌[1 + (
?̇?
?̇?𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
)
𝑛
] (c.f. Figure 2.9, 
green solid line) where ‘n’ represents the degree of shear-thinning or shear-thickening. See 
Figure 2.5 and Appendix Figures for the full steady shear flow data which these Herschel-
Bulkley parameters describe. Uncertainty bars indicate the standard error of the parameters from 
fitting. 
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Figure 2.13. One possible concept generation strategy for material microstructures and 
combinations thereof. Each entry on the diagonal (same as Figure 2.7) represents an individual 
material class and serves as a label for off-diagonal combinations. Off-diagonal entries represent 
combinations of microstructures. Two example combinations are shown schematically: (A,B), a 
particulate suspension as the interstitial fluid in an emulsion; and (B,D), emulsified droplets 
networked in a structure similar to a particulate gel. A combination of an emulsion with a 
microstructure with no yield-stress, a transiently cross-linked polymer network, is shown on the 
right. 
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CHAPTER 3: Yield-Stress Fluids as Highly-Extensible 
Materials 
3.1 Introduction 
While oft-studied model yield-stress fluids can qualitatively reproduce the behavior of 
applications such as paint and condiments, the work here shows that many products and 
applications have behavior completely unlike any simply-formulated yield-stress model material. 
Materials like some chewing gums have a yield-stress but are also able to survive extremely 
large extensional deformations. Shown in Figure 3.1 is this obvious discrepancy between some 
of the most studied laboratory yield-stress fluid materials (Figure 3.1A) [26] and common 
industrial and consumer (application-relevant) yield-stress fluid materials (Figure 3.1B,C).  
While previous studies of yield-stress fluids have been extensive, none have conceived of 
the materials as being highly-extensible. While there are certainly many yield-stress fluids that 
cannot survive large extensional strains, the works investigating yield-stress fluids in extension 
do not recognize materials that can [61,62]. This is an imbalance in the current paradigm of 
yield-stress fluids which we hope to rectify here by (i) introducing a method for characterizing 
the extensibility of yield-stress fluids, (ii) demonstrating the extent to which model materials 
differ from real materials in terms of extensibility, and (iii) introducing a simply-formulated 
material which is both highly-extensible and has a yield stress (Figure 3.1D). 
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3.2 Background 
3.2.1 Extensional Rheology and Properties 
The importance of characterizing the extensional properties of various materials has been 
recognized for biological fluids such as saliva [63], fluids used industrially in vibration dampers 
such as magnetic fluids [64], polymer processing with polymer solutions and melts [65], and 
consumer confectionary products such as chewing gum [66,67]. For the characterization of the 
extensional properties of these materials, the most common methods are the imposition of either 
a constant extensional strain rate or a step extensional strain (filament stretching or capillary 
breakup) [65,68]. Here we characterize materials by imposing a constant extensional strain rate 
in order to obtain the strain at which rupture occurs (strain-to-break). The two methods by which 
we impose extensional strain rates are by (i) exponentially increasing the separation velocity of 
two parallel plates (referred to here as “filament-stretching”) and (ii) using a counter-rotating-
drum fixture at a fixed velocity. For the filament-stretching experiments for initial radius, 0R  , 
and initial plate separation, 0L  , the aspect ratio, 
 0 0 0/L R  ,  (3.1) 
should be approximately unity for homogeneous uniaxial extensional flow [69]. The counter-
rotating-drum method was used when the filament-stretching experimental setup could not 
access the strain-to-break of a material (due to finite travel length). For length, L, true (Hencky) 
strain from, 
 true
dL
d
L
    (3.2) 
 and engineering strain, 
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final initial
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L L
L


   (3.3) 
 are related by, 
 ln( 1)true eng    [70]. (3.4) 
It must be noted that the metric by which we are determining the extensibility of these yield-
stress fluids, the strain-to-break, is an extrinsic material property which will vary for different 
initial geometries. This is not to diminish the usefulness of this parameter as it is extremely 
useful in solid mechanics and material selection for comparing the ductility of materials through 
their “percent elongation” [71]. However, just as in the characterization of solid materials, care 
must be taken when comparing materials to standardize the initial sample geometry and 
extension rate, which we do here as much as possible. 
3.2.2 Yield-Stress Fluids 
For discussion on the controversy over the true existence of a yield stress, please refer to 
Section 2.2.3. For this paper, yield-stress characterization is performed in one of two ways 
depending on the sample: velocity-controlled steady flow tests, or step-stress creep compliance 
tests. Yield-stress parameters were obtained using the Herschel-Bulkley model described in 
Section 2.2.3. The organizational framework discussed in Section 2.4.1 is modified in Figure 3.2 
to include combinations of microstructural mechanisms, the space that most application-relevant 
materials with complex formulations are likely to exist, though oftentimes their microstructure is 
simply unknown. 
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3.3 Materials and Methods 
For preparation of the archetypal yield-stress fluids characterized and characterization 
using applied shear rate tests, please refer to Section 2.3.   
For our proposed model material, hereafter referred to as a PVA-borax emulsion, the 
same 1000 cSt silicone oil used previously was blended using an overhead stirrer at 300 rpm for 
5 minutes with a 4%wt solution of poly(vinyl alcohol) (molecular weight 85,000 – 124,000, 
99+% hydrolyzed) in water and then added to a test tube containing a 4%wt solution of sodium 
tetraborate in water and shaken vigorously and occasionally stirred for 5 minutes. The poly(vinyl 
alcohol) and sodium tetraborate were both purchased from Sigma-Aldrich. The application-
relevant materials tested were Nutella; whipped cake frosting from Duncan Hines; Laffy Taffy; 
HubbaBubba Tape; and HexArmor resin, a material used in the production of personal protective 
equipment. All application-relevant materials were tested as received. The Laffy Taffy and 
HubbaBubba Tape were tested in shear and extension at 37 °C, an average person’s mouth 
temperature. 
As shown in Figure 3.3, for materials prone to edge failure at high shear-rates, a series of 
step-stress creep tests were imposed. Materials were allowed to reach a steady shear-rate 
allowing for the determination of the steady shear viscosity as a function of the applied stress. 
The yield stress in this case was taken from within the stress range over which the viscosity 
begins to steeply decline. Note that since no simple correction is available for step-stress tests 
with parallel disks, the yield stresses of the two materials tested in creep are apparent stresses 
rather than true stresses. 
Characterization with filament-stretching for the extensional strain-to-break was 
performed on a TA Instruments ARES-G2 rotational rheometer (separated rotational 
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motor/transducer, combined axial motor/transducer). For the filament-stretching experiments a 
parallel-plate geometry with a diameter of 8 millimeters and advanced peltier system bottom 
plate were used. The samples were loaded at a gap of 4 millimeters resulting in an aspect ratio, 
0 1  . The maximum gap on the ARES-G2 allowed for a maximum engineering strain of 
2000%eng  . A constant Hencky strain rate, 
10.2s  , was used for all tests. 
The counter-rotating-drum experiments were performed on the previously mentioned 
DHR-3 using an SER2 Universal Testing Platform fixture from Xpansion Instruments. For the 
counter-rotating-drum experiments, samples were loaded as per the recommended dimensions 
and procedure [72]. A constant Hencky strain rate, 
10.2s  , was used for all tests.  
Videos were taken during all extensional tests. Images were correlated with the measured 
load and displacement in order to determine the extensional strain-to-break. 
 
3.4 Results 
3.4.1  Archetypal Yield-Stress Fluids and Application-Relevant Materials 
The shear and extensional behavior of the studied archetypal yield-stress fluids are shown 
in Figure 3.4 with images of representative systems just before rupture occurs. All data points in 
Figure 3.4 are simplified descriptions of the full data from shear flow (Figure 3.5, Appendix 
Figures 1-6) and extensional flow (Figure 3.6, Appendix Figures 7-12). The steady simple shear 
flow characterization for the three representative systems in Figure 3.4 is shown in Figure 3.5, 
while the extensibility characterization is shown in Figure 3.6. While these materials span a 
range of yield stresses of over two decades, the engineering strain-to-break varies by 
approximately a factor of two.  
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In Figure 3.4, there is no clear correlation between the extensibility and yield-stress for 
the data set taken as a whole, yet correlations can be seen within distinct material systems. 
Carbopol and the silicone oil-in-water emulsions, both repulsion-dominated systems, show a 
slight increase in extensibility as their yield stress increases, with the extensibility of Carbopol 
saturating at the same time its yield stress saturates. The extensibility of Bentonite and the 
mineral oil-in-water emulsions are essentially flat as their yield stress is increased. Laponite is 
the one tested system that shows a decrease in extensibility as the yield stress is increased. 
Xanthan gum as a long-chain polymer system shows the largest extensibility, as may be expected 
from a stretchy attractive network. However, as Figure 3.4B shows, even the extensibility of 
Xanthan gum is nowhere near the extensibility behavior seen for the application-relevant 
materials in Figures 3.1B and 3.1C (though Xanthan does show somewhat similar necking 
behavior to Figure 3.1B). 
Qualitatively, Figure 3.1A (Bentonite), the system with the lowest yield-stress of those 
pictured, looks very similar to water and in this regard compares well to the pictured water 
break-up limit under zero gravity of 138% [73]. For the values taken from simulations for the 3D 
tensorial Herschel-Bulkley model [61], the surface tension of water was used as all of our 
material systems have a continuous water-phase. For those simulations, an aspect ratio of 
0 2   was used and thus a smaller strain-to-break is expected. The simulations show non-
monotonic behavior, with break  varying by at most a factor of two, similar to many of the 
archetypal materials. 
As shown in Figure 3.1, when considering application-relevant materials, the strain limit 
for the filament-stretching experimental method was reached for some materials and thus it was 
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necessary to make use of the counter-rotating-drum experimental setup shown in Figure 3.7. 
Comparing the consumer products to the archetypal fluids in Figure 3.8, it can be seen that while 
the laboratory systems approach the behaviors of Nutella and whipped frosting, they come 
nowhere near the HexArmor resin or confectionary products. Thus, archetypal model materials 
and mathematical constitutive models may be irrelevant for application-relevant understanding in 
which physics associated with high extensibility is required. 
3.4.2 Design and Analysis of a Model Material 
In attempting to match the performance of the materials like those shown in Figure 3.1B 
and 3.1C with a material with an easily controllable formulation, we made use of the 
methodology outlined in Section 2. The design methodology presented contrasts with analysis 
strategies in that it is built upon generic principles of inverse problem solving: the performance 
objective (material behavior) is specified in a chemistry- and structure-agnostic way, allowing 
for creative concept generation. Ideally, in the design process one would be able to easily select 
materials which matched the necessary properties from a material database, however, since the 
paradigm of yield-stress fluids as highly-extensible materials has been so under-developed, we 
had to carry out the analysis/characterization (described in previous sub-section) ourselves. As 
we have shown, none of the surveyed archetypal yield-stress fluids were capable of achieving the 
properties or performance displayed by the application-relevant materials, thus our only choice 
was to formulate a new material. For this process numerous microstructure concepts were 
envisioned using a technique of juxtaposing two different existing microstructures. The material 
concept we chose to develop is shown in Figure 3.9 and was conceived of as the combination of 
a yield-stress-providing microstructure (a packed emulsion), and an extensibility-providing 
microstructure (a transiently-cross-linked network). The actual microstructure of the PVA-borax 
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emulsions we have synthesized have yet to be characterized, however based on this concept we 
were able to achieve the performance shown in Figure 9 which is able to match the extensibility 
of existing application-relevant materials. 
Figures 3.10 and 3.11 show the steady simple shear flow characterization for the PVA-
borax emulsions with three different oil loadings. The material transitions above 50%wt oil from 
a shear-thinning material with no yield stress to a yield-stress fluid with yield stresses of 103 Pa, 
and 310 Pa shown for the 55 and 60%wt oil formulations, respectively. Though these materials 
are able to achieve the yield stress performance objectives we sought, there are numerous 
experimental challenges with the system which are shown in Figure 3.11. In shear, the two 
formulations showed two different experimental artifacts. In Figure 3.11A, the 55%wt oil system 
shows a higher measured stress at a smaller gap indicating a confinement effect, while in Figure 
3.11B, the 60%wt oil system showed a lower measured stress at a smaller gap indicating a slip 
effect. Additionally, similarly to the image of gum shown in Figure 3.6, both formulations show 
edge fracture at higher shear rates, limiting the available experimental window. 
Figure 3.12 shows the characterization of the PVA-borax emulsions in extension in both 
the filament-stretching and counter-rotating-drum experimental setups. As was desired for 
matching the behavior of the application-relevant products, the 55wt% oil reached the strain-
limit of the filament-stretching setup and thus necessitated testing on the counter-rotating-drums. 
Due to the softness of the material, reproducible loading was extremely challenging for both 
formulations, resulting in the large error bars shown. The characterization results for the 
designed yield-stress fluid system are shown compared to archetypal and consumer/industrial 
yield-stress fluids in Figure 3.13. With our synthesized material we were able to match the 
extensibility performance of the most extensible application-relevant material shown here. 
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3.5 Conclusions 
Here we have presented a new paradigm of yield-stress fluids as capable of being highly-
extensible materials. We introduced a methodology for characterizing yield-stress fluids capable 
of capturing a wide range of yield stress and extensibility behavior. Based on our 
characterization results, it can be seen that yield-stress fluids commonly studied in laboratory 
settings are not capable of representing the behavior of many industrial and consumer products. 
Lacking a suitable model for these products which have complex formulations, we generated a 
concept for a new material based on the combination of microstructures, synthesized our 
candidate material, and then carried out rheological characterization. Though there are numerous 
experimental challenges associated with the newly synthesized material, we have shown that it is 
capable of quantitatively matching the behavior of highly-extensible yield-stress fluid 
application-relevant materials. Schematic relations of the design and analysis processes we 
carried out are shown in Figure 3.14. 
When studying applications where extensibility is important, we have shown here that the 
archetypal yield-stress fluids are not acceptable models and have provided a candidate model 
material for study. However, we have also shown that the inverse is true, when studying 
applications where extensibility is neglected, one has the choice of many well-characterized 
model materials and need not worry about the physics associated with high extensibility. For the 
high-extensibility materials, new constitutive models are required that do capture the appropriate 
physics. 
Shown here are only a few material formulations, and thus the full performance space 
available for our designed system is unknown and is certainly un-optimized, not to mention the 
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plethora of un-synthesized or even un-considered materials which may also match the target 
performance. As stated when introducing our characterization method, the results are dependent 
on initial geometry and extension rate. Though our initial geometry was chosen in order to have 
a near-optimal initial aspect ratio, our choice of extension rate was somewhat arbitrary. It has yet 
to be investigated what effect extension rate has on the extensibility of yield-stress fluids. 
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3.6 Figures and Tables 
 
Figure 3.1. The extensional and resting behavior of various yield-stress fluids are shown. 
Shown in column A) is Bentonite, a material commonly studied as a model yield-stress fluid in 
laboratory settings. Columns B) and C) show yield-stress fluids used in application-relevant 
products, a resin used in printing by the company HexArmor; and the bubble gum, 
HubbaBubba Tape, respectively. The bottom row of pictures all suggest the nature of these 
materials as yield-stress fluids since contours and corners are held for timescales longer than 
tens of minutes and in this respect the materials only differ moderately in their observed 
behavior. The top row of pictures show the behavior of these materials in extension. Shown in 
A) and B) are the materials immediately after rupture occurs. The materials shown in C) and D) 
both resisted rupture to the limit of the experimental setup. Due to the clear difference in 
extensional behavior of the common yield-stress fluids and the standard model yield-stress 
fluid, here we suggest the material shown in Column D), a silicone oil-in-water emulsion with 
a transiently-cross-linked network of poly(vinyl alcohol), as a model for studying the behavior 
of highly-extensible yield-stress fluids. The scale bar shown applies to all images. 
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Figure 3.2. Design strategies for yield-stress fluid design organized into ‘repulsion-dominated’ and 
‘attraction-dominated’ (although combinations also exist). For most application-relevant materials 
the microstructural mechanism governing the yield stress is unknown. The materials pictured 
include toothpaste, shaving cream, playdoh, spray cheese, and apple sauce, all of which are yield-
stress fluids. Images shown are  (A) particulate suspensions [49], (B) emulsions [42],  (C) foams 
[50], (D) HexArmor resin, (E) HubbaBubba Tape, (F) particulate gels [48], (G) electro/magneto-
rheological fluids [51], and (H) fiber gels [53]. 
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Figure 3.3. Shear creep compliance curves for difficult-to-test materials, A) Laffy Taffy, and B) 
HubbaBubba Tape. Velocity-controlled flow tests were not feasible for these materials due to 
edge failure behavior as pictured on the right for gum. Because of this, constant applied stress 
tests were used to obtain the compliance over time (A1 and B1), resulting in steady shear 
viscosity curves (A2 and B2) which show gradual yielding. The grey shaded regions are 
bounded by the stresses over which viscosity has begun to decrease substantially, the yield stress 
for each material is taken as the stress for the data point within the shaded regions. 
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Figure 3.4. Ashby-style co-plot of the shear and extensional behavior of archetypal yield-stress 
fluids. See Appendix Figures for the full steady flow data with Herschel-Bulkley model fit to 
determine the shear-yield-stress parameter. Transient extensional tests (see Appendix Figures for 
stress response) were correlated with images to obtain the extensional strain-to-break parameter. 
Shown are three representative materials: A) a silicone oil-in-water emulsion that is 65wt% oil, 
B) 5%wt xanthan gum in water, and C) 12wt% bentonite in water. Error bars are the result of 
repeated experiments. The water break-up limit for a volume equivalent to those in our 
experiments is 138% and was determined for zero-gravity conditions [73]. The values from [61] 
were found using a Herschel-Bulkley model for an initial aspect ratio double that of our 
experiments. 
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Figure 3.5. Steady simple shear flow for the three materials shown in Figure 3.4. Lines 
between data points are a guide to the eye. A velocity-controlled test from high-to-low shear 
rates was used for materials A and C. A low-to-high shear rate was used for material B. The 
dashed lines show the fit yield-stress parameter for each material. 
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Figure 3.6. Extensional engineering stress curves for the three materials shown in Figure 3.4 
tested using the ARES-G2 filament stretching experimental setup. The bold data points are the 
average of repeated experiments (faded data points) which provide the error bars. The vertical 
dashed lines depict the average strain-to-break which was found by correlating the extensional 
stress curves with video images. The horizontal arrows below the strain-to-break labels depict 
the standard deviation in the strain-to-break from repeated experiments. A constant Hencky 
strain-rate of 0.2   was used for all extensional tests. 
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Figure 3.7. Extensional engineering stress versus Hencky strain for a commercial product, 
HubbaBubba Tape. Extensional data for materials which reach the limit of extensibility for the 
ARES-G2 filament stretching experimental setup (shown in Figure 3.1) were obtained using an 
SER2 counter-rotating-drum stretching experiment as shown on the right. The dashed line indicates 
the strain-to-break. For comparison with other materials, the Hencky strain was related to 
engineering strain with Equation (4). 
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Table 3.1. All presented material formulations organized by material and weight-percentage of 
additive. For specific synthesis procedure refer to Sections 2.3 and 3.3. 
Material Formulation 
Carbopol 
Specified weight-percentage of Carbopol 940 in distilled water, neutralized to pH 7 with 
sodium hydroxide 
0.1%wt 
0.15%wt 
0.2%wt 
0.25%wt 
0.5%wt 
Silicone Oil-in-
Water Emulsion  
65%wt 65wt% silicone oil, 23.33wt% deionized water, 11.67% sodium dodecyl sulfate 
70%wt 70wt% silicone oil, 20wt% deionized water, 10wt% sodium dodecyl sulfate 
75%wt 75wt% silicone oil, 16.67wt% deionized water, 8.33wt% sodium dodecyl sulfate 
80%wt 80wt% silicone oil, 13.33wt% deionized water, 6.67wt% sodium dodecyl sulfate 
Mineral Oil-in-
Water Emulsion 
 
65%wt 65wt% mineral oil, 23.33wt% deionized water, 11.67% sodium dodecyl sulfate 
75%wt 75wt% silicone oil, 16.67wt% deionized water, 8.33wt% sodium dodecyl sulfate 
Bentonite 
Specified weight-percentage of Bentonite in distilled water 
7%wt 
8%wt 
9%wt 
10%wt 
11%wt 
12%wt 
Laponite 
Specified weight-percentage of Laponite RD in distilled water 
3.5%wt 
4%wt 
5%wt 
Xanthan Gum 
Specified weight-percentage of xanthan gum from Xanthomonas Campestris in deionized 
water 
2%wt 
4%wt 
5%wt 
PVA-Borax 
Emulsion 
 
50%wt 50wt% silicone oil, 1wt% poly(vinyl alcohol), 1wt% borax, 48wt% deionized water 
55%wt 55wt% silicone oil, 0.9wt% poly(vinyl alcohol), 0.9wt% borax, 47.8wt% deionized water 
60%wt 60wt% silicone oil, 0.8wt% poly(vinyl alcohol), 0.8wt% borax, 47.6wt% deionized water 
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Figure 3.8. Ashby-style co-plot of archetypal yield-stress fluids and consumer products. See 
Appendix Figures for the full steady flow and extensional engineering stress curves that these 
points represent. Repeated experiments were not performed for consumer products which thus 
lack error bars. Note that, compared to Figure 3.4, both axes are log scale. 
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Figure 3.9. Proposed model highly-extensible yield-stress fluid, a silicone oil-in-water emulsion 
combined with a transiently-cross-linked network of polyvinyl alcohol. Shown on the left is a 
sketch of the microstructural concept used to conceive of this material: the emulsified droplets 
(shown in black) provide the material with a structure with which to bear static loads (a yield 
stress), while the transiently-cross-linked polymer network (blue lines with orange crosslinks) 
prevents the droplets from coalescing and allows the structure to survive large extensional 
strains. Shown on the right are the two synthesized formulations which manifested the desired 
qualitative performance objectives. The 8mm scale bar shown applies to all four images on the 
right. 
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Figure 3.10. Steady simple shear flow from low to high shear rate at a gap of 
500µm for three formulations of the proposed model material made with 50, 55, 
and 60%wt Silicone Oil. Increasing the oil droplet concentration results in 
increased flow stress. Lines indicate the fit to a Herschel-Bulkley model. Error 
bars are the result of repeated experiments. The 50%wt oil concentration did not 
show a yield stress and was not repeatedly tested. 
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Figure 3.11. Experimental challenges with the proposed model elastic yield-stress fluid system. Shown in 
A) for the 55%wt oil system and in B) for the 60%wt oil system are observed experimental artifacts. A) 
Shows a confinement effect (lower gap shows higher flow stress), while B) shows a slip effect (lower 
gap shows higher apparent shear rate). C) and D) show sample fracture at shear rates higher than 1 s-1 
limiting the available observable ranges for the 55 and 60%wt oil system respectively. Data points when 
edge failure was observed are not reported. The diameter of the plate in C and D is 40mm. 
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Figure 3.12. Extensional engineering stress curves for proposed model highly-extensible yield-
stress fluid. A) 55%wt and B) 60%wt formulation. A1) and B1) depict experiments performed 
using the SER2 experimental setup with the average of repeated experiments in red and error 
bars in gray. A2) and B2) depict experiments performed using the ARES-G2 experimental setup 
with bold data points showing the average of repeated experiments (faded data points) which 
provide the error bars. Curves were correlated with video in order to determine the engineering 
strain-to-break. Error bars shown are from repeated experiments. Since the 55%wt Oil 
formulation reached the ARES-G2 strain limit (bottom-left corner), repeat measurements were 
not performed with that experimental setup. 
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Figure 3.13. Ashby-style co-plot of all materials studied here. See Appendix Figures for the full 
steady flow and extensional engineering stress curves that these points represent. For the most 
direct comparison, the strain-to-break value used was taken from the ARES-G2 experimental 
setup whenever possible. 
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Figure 3.14. Schematic relations of design and analysis of materials (adapted from [7] and 
applied to rheological properties). Analysis starts on the left with a specific material structure and 
connects it to properties and performance which is non-trivial for rheologically-complex 
materials. Design starts with a desired performance, and a decision is made on what properties 
are desired and what material to best achieve it. The process presented in this work demonstrates 
the complementary nature of analysis and design. Starting with the observable performance goal 
(on the right) of yield-stress fluids that are highly extensible (Figure 3.1B,C), attempts were 
made to match this by analyzing and evaluating simple model systems (Figure 3.2); when this 
failed a new microstructure concept was conceived and formulated (on left, also Figure 3.9), and 
then that too was analyzed for validation that the performance goal had been met. Following 
these principles we have demonstrated the design process of a new material that is built upon a 
strong foundation of analysis. 
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CHAPTER 4: Conclusions and Future Work 
Here, two new paradigms of yield-stress fluids have been presented: one that is useful 
from a design perspective, and one of yield-stress fluids as capable of being highly-extensible. 
By applying generic design principles, a formulation- and structure- agnostic functional objective 
was introduced which gives rise to an organization based on the structural mechanisms of yield-
stress fluids (Figure 2.7), and methodologies for concept generation and evaluation were 
presented (Figures 2.8, 2.10, 2.11, 2.12, 2.13). Following this design methodology and 
introducing a characterization method for the extensibility of yield-stress fluids, it was found that 
no common model materials are highly-extensible, and that the current paradigm of yield-stress 
fluids extensibility is incapable of capturing the high-extensibility seen in many application-
relevant materials (Figure 3.1). Thus, a new material concept capable of high-extensibility was 
generated, formulated, and characterized (Figure 3.9). Whether designing or analyzing yield-
stress fluids it must be considered whether extensibility should be included and appropriate 
model materials or constitutive equations chosen or developed. 
The design methodology introduced here, while applied towards a highly-extensible 
yield-stress fluid, is generic enough to be applied to any other secondary property of yield-stress 
fluids, or even other rheologically complex phenomena. The presented design database and 
material property scaling laws (Table 2.2) are useful though incomplete tools for designing yield-
stress fluids, but when attempting to design with any rheologically complex material one should 
follow the general principle of considering all possible concepts and only selecting a concept that 
is justifiably superior to other options. 
69 
 
The material formulation introduced here was not optimized and the full formulation 
space was unexplored. In the future, the design of complex materials will involve at least two 
optimization stages: based on the structure- and material-agnostic design specifications an 
optimal rheology or rheologies must be determined, and then the chosen concept formulation and 
structure must be optimized. All of the design work must of course still be complemented by the 
relevant analysis/characterization of the proposed material for iterative or validation purposes. 
The characterization method we introduced here obtains a metric that is relevant to the 
extensibility of a material, but for more complicated design objectives, characterization will need 
to be adapted to ensure that the measured rheology correlates correctly to the desired 
performance. 
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APPENDIX: Shear and Extensional Rheology Data 
This appendix provides the full steady shear flow and extensional stress curves used to 
obtain the representational parameters used throughout this thesis.  
 
 
Figure A.1. Steady simple shear flow from high to low rate for Carbopol of 0.1, 0.15, 0.2, 0.25, 0.5 
%wt additive. A higher concentration increases the yield stress. All tests were from high to low 
shear rate, and so the low-rate plateaus indicate the dynamic yield stress. 
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Figure A.2. Steady simple shear flow from high to low rate for silicone oil-in-water emulsion of 
65, 70, 75, 80 %wt of oil. A higher concentration increases the yield stress. All tests were from 
high to low shear rate, and so the low-rate plateaus indicate the dynamic yield stress. 
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Figure A.3. Mineral oil-in-water emulsion in steady simple shear flow for 65 and 75 %wt oil. A 
higher concentration results in a higher yield-stress. All tests were from high to low shear rate, 
and so the low-rate plateaus indicate the dynamic yield stress. 
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Figure A.4. Bentonite in steady simple shear flow for 7, 8, 9, 10, 11, 12 %wt. A higher 
concentration results in a higher yield-stress. All tests were from high to low shear rate, and so 
the low-rate plateaus indicate the dynamic yield stress. Highlighted curves indicate tests at a gap 
of 1000 µm while transparent curves were at a gap of 500 µm. Since confinement effects were 
observed at the smaller gap, the highlighted curves were used for all figures. 
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Figure A.5. Steady simple shear flow from high to low rate for Laponite of 3.5, 4, and 5%wt 
additive. A higher concentration increases the yield stress. All tests were from high to low shear 
rate, and so the low-rate plateaus indicate the dynamic yield stress. 
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Figure A.6. Xanthan Gum in steady simple shear flow for 2, 4, 5 %wt. A higher concentration 
results in a higher yield-stress. All tests were from low to high shear rate, and so the low-rate 
plateaus indicate the static yield stress. High-to-low tests indicated by the transparent curve did 
not show a yield-stress plateau on experimental timescales. 
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Figure A.7. Extensional engineering stress curves for Carbopol of 0.1, 0.15, 0.2, 0.25, 0.5 %wt 
additive from left-to-right, top-to-bottom tested using the ARES-G2 filament stretching 
experimental setup. The bold data points are the average of repeated experiments (faded data 
points) which provide the error bars. The vertical dashed lines depicts the average strain-to-break 
which was found by correlating the extensional stress curves with video images. The horizontal 
arrows below the strain-to-break labels depict the standard deviation in the strain-to-break from 
repeated experiments. A constant Hencky strain-rate of 0.2 was used for all extensional tests.  
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Figure A.8. Extensional engineering stress curves for silicone oil-in-water emulsions of 65, 70, 
75, 80 %wt oil from left-to-right, top-to-bottom tested using the ARES-G2 filament stretching 
experimental setup. The bold data points are the average of repeated experiments (faded data 
points) which provide the error bars. The vertical dashed lines depicts the average strain-to-break 
which was found by correlating the extensional stress curves with video images. The horizontal 
arrows below the strain-to-break labels depict the standard deviation in the strain-to-break from 
repeated experiments. A constant Hencky strain-rate of 0.2 was used for all extensional tests.  
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Figure A.9. Extensional engineering stress curves for mineral oil-in-water emulsions of 65, 
75%wt oil from left to right tested using the ARES-G2 filament stretching experimental setup. 
The bold data points are the average of repeated experiments (faded data points) which provide 
the error bars. The vertical dashed lines depicts the average strain-to-break which was found by 
correlating the extensional stress curves with video images. The horizontal arrows below the 
strain-to-break labels depict the standard deviation in the strain-to-break from repeated 
experiments. A constant Hencky strain-rate of 0.2 was used for all extensional tests.  
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Figure A.10. Extensional engineering stress curves for Bentonite 7, 8, 9, 10, 11, 12 %wt of 
additive from left-to-right, top-to-bottom tested using the ARES-G2 filament stretching 
experimental setup. The bold data points are the average of repeated experiments (faded data 
points) which provide the error bars. The vertical dashed lines depicts the average strain-to-break 
which was found by correlating the extensional stress curves with video images. The horizontal 
arrows below the strain-to-break labels depict the standard deviation in the strain-to-break from 
repeated experiments. A constant Hencky strain-rate of 0.2 was used for all extensional tests.  
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Figure A.11. Extensional engineering stress curves for Laponite 3.5, 4, 5 %wt of additive from 
left-to-right, top-top-bottom tested using the ARES-G2 filament stretching experimental setup. 
The bold data points are the average of repeated experiments (faded data points) which provide 
the error bars. The vertical dashed lines depicts the average strain-to-break which was found by 
correlating the extensional stress curves with video images. The horizontal arrows below the 
strain-to-break labels depict the standard deviation in the strain-to-break from repeated 
experiments. A constant Hencky strain-rate of 0.2 was used for all extensional tests.  
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Figure A.12. Extensional engineering stress curves for Xanthan Gum of 2, 4, 5 %wt of additive 
from left-to-right, top-to-bottom tested using the ARES-G2 filament stretching experimental 
setup. The bold data points are the average of repeated experiments (faded data points) which 
provide the error bars. The vertical dashed lines depicts the average strain-to-break which was 
found by correlating the extensional stress curves with video images. The horizontal arrows 
below the strain-to-break labels depict the standard deviation in the strain-to-break from repeated 
experiments. A constant Hencky strain-rate of 0.2 was used for all extensional tests.  
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Figure A.13. Steady simple shear flow from high to low rate for three consumer products which 
show extensibility. All tests were from high to low shear rate, and so the low-rate plateaus 
indicate the dynamic yield stress. 
 
83 
 
 
Figure A.14. Extensional engineering stress curves for three consumer products tested using the 
ARES-G2 filament stretching experimental setup. The vertical dashed lines depicts the average 
strain-to-break which was found by correlating the extensional stress curves with video images. 
A constant Hencky strain-rate of 0.2 was used for all extensional tests.  
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Figure A.15. Extensional engineering stress curves for three repeat experiments on Laffy Taffy at 
37 °C using the SER2 counter-rotating-drum stretching experiment. The black curve shows the 
average of the three gray curves. For comparison with other materials, the Hencky strain was 
related to engineering strain with Equation (2). The vertical dashed line depicts the average 
strain-to-break which was found by correlating the extensional stress curves with video images. 
A constant Hencky strain-rate of 0.2 was used for all extensional tests.  
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